This work evaluates the performance of the chilled ammonia process (CAP) for CO 2 capture. An equilibrium based thermodynamic model of the NH 3 -CO 2 -H 2 O system is combined with a reactor system description of the CAP to estimate the electric efficiency of a state-of-the-art coal-fired power plant equipped with the CAP. The ammonia concentration is a critical design parameter; for the modelled concentrations the specific energy requirement in the reboiler varies between 2200-2800 kJ/kg CO 2 captured. When equipped with the CAP for CO 2 capture, the electric efficiency of the reference plant decreases with 8 to 10%, depending on cooling water temperature and ammonia concentration.
Introduction
The chilled ammonia process (CAP) is a technology for post combustion CO 2 -capture. Post-combustion CO 2 -capture is an end-of-pipe solution that is especially suitable for retrofit of existing power plants. Carbon dioxide is separated from the flue gas in an absorber and released from the ammonia-based solvent in a regenerator. Several chemical solvents can absorb CO 2 , including a variety of amines, potassium carbonate and, as employed in this work, ammonia. Figure 1 presents a schematic of the CAP as described in the patent held by Gal [1] . If applied to a coal-fired power plant, it would be suitable to locate the CAP after the flue gas desulphurization (FGD) unit. This since the flue gas must be cooled from the outlet temperature of the FGD (around 50°C) to the absorption temperature (0 to 20°C). The cooled flue gas enters the absorber (a packed-or spray tower) where a CO 2 -lean ammonia-water solution absorbs the CO 2 from the flue gas. Typically, 90% of the CO 2 present in the flue gas is absorbed by the ammonia solution [2] . At ambient temperatures and high CO 2 loadings salts may precipitate in the absorber, mainly in the form of ammonium bicarbonate (NH 4 HCO 3 ). A CO 2 -rich solution exits the bottom of the absorber while the gaseous compounds exit at the top of the absorber. The off-gas is scrubbed in a water-wash to remove residual ammonia before the gas is released to the atmosphere. The ammonia in the waste water is concentrated and reintroduced to the absorber. The release of CO 2 in the regenerator is endothermic and steam from the power plant steam cycle is used for the regeneration. The gaseous CO 2 leaving the regenerator contains ammonia and water, which are removed by condensation in a water scrubber before compression and transportation to storage. Different ammonia concentrations have been suggested to be suitable for the CO 2 -capture (absorber), from 7 to 28 wt% [3] [4] . The NH 3 /CO 2 -ratio (on molar basis) should be between 1.5 and 3 in the CO 2 -lean solution (absorber) and between 1 and 2 in the rich solution (regenerator) [1] . Experiments on the CAP system reported in the open literature are sparse and limited to bench-scale operation [2] . There are equilibrium based thermodynamic models of the NH 3 -CO 2 -H 2 O system [5] [6] and process simulations of the CAP [4, [7] [8] , which are based on these equilibrium models. The equilibriumbased theoretical simulations suggests an energy requirement of the CAP in the range of 2,000 to 3,000 kJ/kg CO 2 captured [3, [7] [8] , while the experimental study of the CAP system suggest 930-1,628 kJ/kg CO 2 [2] . The difference in calculated energy requirement of the CAP is to a great extent explained by different assumptions about the control of ammonia in the off-gases, with outlet concentrations of ammonia varying from 10 to 30,000 ppm between the studies [7, 9] .The heat required to regenerate the ammonia slip has been proposed to be in the same range as the reboiler duty in the regenerator [7] . Furthermore, it is concluded in previous studies that the ammonia concentration fed into the absorber is crucial for the energy requirement. There are an abundance of experimental data on the NH 3 -CO 2 -H 2 O system (derived for water purification and fertilizer production purposes), which mostly consists of vapour-liquid equilibrium measurements. The experimental settings range from 0 to 200°C, from 0 to 26 molal NH 3 , and 0 to 15 molal CO 2 . Figure 2 is a representation of available equilibrium measurements [2, 6, [10] [11] [12] [13] [14] [15] [16] [17] [18] . Each measurement is represented by a star for ammonia and a square for carbon dioxide (i.e., each measurement corresponds to two symbols in the figure). The shaded areas in the range between 0 and 20°C and between 100 and 150°C correspond to the operating conditions of the absorber and the regenerator, respectively. As can be seen in Figure 2 there are few VLE data within the operating range of the absorber. Even though a simulation of the CAP requires descriptions of the kinetics and mass transfer in the processes, equilibrium calculations are essential to recognize the process limitations. The aim of the present work is therefore to validate an existing thermodynamic model of the NH 3 -CO 2 -H 2 O system for operating conditions typical of the CAP (0 to 20°C) and (100 to 150°C). The validated model is then applied to process modelling of a CAP system to determine CO 2 -capture rate, NH 3 slip as well as heating and cooling requirements for various process conditions. Furthermore, the electric efficiency of a reference power plant equipped with CAP is evaluated with respect to critical design parameters: the ammonia concentration in the solvent and the cooling water temperature used for the conditioning of the flue gas.
Method
The work is divided into three parts: 1) validation of the equilibrium model for an extended range of temperature conditions covering the absorber conditions, 2) application of the equilibrium model to evaluate the absorption conditions and energy requirement of the CAP system for different process conditions, 3) modelling the influence of the CAP system on the performance of a reference power plant. The equilibrium model used in this work is described by Kurz et al. [6] . Concentrations of up to 26 molal ammonia and 15 molal carbon dioxide have been used in the regression of the interaction parameters. The model is based on the Pitzer electrolyte activity coefficient model [19] . The empirical parameters in the model is regressed to fit the VLE data by Kurz et al. [6] , Müller et al. [17] and Göppert and Maurer [16] and solid-liquid equilibrium data by Jänecke [20] . The model only account for precipitation of ammonium bicarbonate. The validity range of the model is 40 to 200°C. There are mutually consistent VLE-data at 0 and 20°C [2, 10, [12] [13] , which are used to validate the model at temperatures relevant for the CAP absorber.
The CAP model is constructed in the process simulation software Aspen Plus 7.1. The validated model by Kurz et al. simulates the CO 2 -capture/release processes and the ammonia wash/scrubber while gas treatment is simulated by the cubic equation of state Soave-Redlich-Kwong [21] . The operating conditions of the CAP are presented in Table 1 . The absorber is characterized by a significant inner recirculation and may, therefore, be represented by a flash tank. The regenerator is simulated by a multistage separation column. A make-up stream is located on the lean-solution stream to compensate for the slip of water and ammonia. The residual ammonia exiting the water-wash is removed in an acid wash [2] down to a concentration of 10 ppm. The acid wash should not influence the thermal performance of the CAP and is, therefore, not included in the model. Both the ammonia wash and ammonia stripper are simulated by multistage separation columns. The cooling water below 10°C is generated by refrigeration. To account for the non-linearity of the coefficient of performance (COP) in the evaluation of different cooling water temperatures, an efficiency of 65% of the ideal refrigeration cycle is assumed. In this work, the Danish power plant, Nordjyllandsvaerket, is used as reference plant. Nordjyllandsvaerket is a state of the art pulverized coal-fired plant with both heat and power production. 
Results
The results are divided into two parts: the validation of the model by Kurz et al. [6] in the temperature range of the absorber, and the evaluation of the CAP when integrated in the reference power plant cycle. The influence of the CAP on power plant performance is illustrated in Figures 4 to 7 . Figure 4 shows how the reboiler duty varies with the ammonia concentration. The calculated reboiler duty is comparable to previous simulations of the CAP [3, [7] [8] . The change of trend at 7 mole NH 3 /kg H 2 O in figures 4, 5 and 6 are can be traced to that ammonium bicarbonate ceases to precipitate at low NH 3 concentration. The optimum ammonia concentration is a trade-off between the reboiler energy requirement and the formation of solids in the absorber, as the solid fraction increases with increasing NH 3 concentration. The applied ammonia concentration will, thus, depend on how large solids fractions the absorber can handle. According to the results of the present work the NH 3 concentration should be at least 7 mole NH 3 /kg H 2 O to avoid a too large energy penalty. However, to improve absorption and CO 2 capture ( Figure 5 ), and especially if considering rate limitations, an NH 3 concentration well above 7 mole NH 3 /kg H 2 O would be preferred. Figure 5 shows that the NH 3 slip is highly dependent on inlet NH 3 concentration and ranges from 500 to 30,000 ppm in the investigated area (similar to the results in [9] ). The CAP is modelled both with and without the ammonia stripper. Figure 6 illustrates the importance of the energy requirements in the ammonia stripper to power plant efficiency. The energy requirement of the ammonia stripper is closely connected to the ammonia slip, see Figure 6 . It is important to note that the equilibrium assumption calculates the maximum slip. The CAP is dependent on large amounts of cooling water mainly to reject the excess heat formed during the exothermic absorption reaction, but, also to cool the solvent and flue gas down to the operating temperature of the absorber. Figure 7 shows how the electric efficiency is affected by the temperature of the cooling water. If 5°C cooling water is available, no refrigerated water is required, due to a sufficient temperature difference between the cooling water temperature and the absorber operating temperature (10°C). Table 2 shows the different energy penalties of Nordjyllandsvaerket, at a cooling water temperature of 10°C, when the CAP is included in the power plant scheme. The electric efficiency drop at these conditions is 9.2%-points. 
Conclusions
The NH 3 -CO 2 -H 2 O system has been studied through a literature review of available experimental data and thermodynamic models and the data has been applied in modelling the influence of the CAP system on the performance of a reference power plant. The review of experimental data revealed that the available thermodynamic models of the NH 3 -CO 2 -H 2 O system have not been verified in the operating conditions of the absorber (< 20°C). The amount of VLE-data for this region is limited, but verifies that the applied equilibrium model is valid also in this range. The modelling shows that the energy penalty of installing the CAP for CO 2 capture on a state-of-the art power plant (with 47% electric efficiency) is in the range 8% to 11%, which is higher than previously presented, mostly due to the higher reboiler duty. One prerequisite for the chilled ammonia process to be competitive is the access to large amount for cooling water at a low temperature. The chilled ammonia process could prove especially beneficial in applications where low grade heat already is available. 
